Sudden cardiac death (SCD) is a complex phenomenon, occurring either in apparently normal individuals or in those where there is a recognized underlying cardiac abnormality. In both groups, the lethal arrhythmia has frequently been related to the physiologic trigger of either exercise or stress. Prior research into SCD has focused mainly on a combination of identifying either vulnerable myocardial substrates; pharmacological approaches to altering electrical activation/repolarisation in substrates; or the suppression of induced lethal arrhythmias with implantable defibrillators. However, it has been suggested that in a significant number of cases, the interaction of a transient induced trigger with a pre-existing electrical or mechanical substrate is the basis for the induction of the sustained lethal arrhythmia. In this manuscript we will discuss the precise mechanisms whereby one of such potential physiologic trigger: an acute change in systolic blood pressure, can induce a sequence of alterations in global and local cardiac mechanics which in turn result in regional left ventricular post-systolic deformation which, mediated (through stretch-induced changes in local mechano-electrical coupling) provokes local electrical afterdepolarisations which can spill over into complex runs of premature ventricular beats. These local acute pressure/ stretch induced runs of ventricular ectopy originate in either basal or apical normal myocardium and, in combination with a co-existing distal pro-arrhymic substrate, can interact to induce a lethal arrhythmia.
Introduction
Sudden cardiac death (SCD), especially in the young, is usually attributed to a lethal arrhythmia related either to a primary underlying electrophysiological substrate. These substrates include Arrhythmogenic Right Ventricular Dysplasia, 1 Brugada Syndrome, 2 or a pro-arrthymic genetic myocardial abnormality such as hypertrophic cardiomyopathy. However, such discrete underlying abnormalities have been documented in less than half of the cases of SCD in the young in either retrospective clinical or clinico-pathologic series. 3 Interestingly, such atrisk individuals with an identifiable substrate show a variable incidence of arrhythmias in daily life with the number of spontaneous arrhythmias being modified by both lifestyle and exercise, 4 suggesting that additional mechano-electrical triggers may play an important role in their genesis. Thus a complete understanding of the potential interaction of substrate and trigger 5 and especially how potential lethal arrhythmias are triggered and sustained by a premature ventricular complex 6 is crucial for our understanding of the occurrence of, as well as therapeutic approaches towards, patients at risk of lethal arrhythmias.
While the role of mechano-electrical coupling as a potential trigger has long been recognized in basic cardiovascular research, 7 potential clinical triggers which acutely alter regional myocardial mechanics at the organ level, such as acute (pressure or volume) loading of either the left (LV) or right ventricle (RV), have probably been undervalued in clinical electrophysiology. 
Acute pressure loading and electrical changes
Sudden death in patients with established cardiac disease has long been associated with blood pressure lability, typified by the increased incidence of life-threatening events occurring during waking hours when arterial pressure is at its most labile. 8 The potential proarrhythmic effect of an acute change in blood pressure on ventricular ectopic activity was studied in at-risk patients. Sideris et al. 9 showed that acute blood pressure changes were related to increased ventricular ectopy and the incidence of premature ventricular complexes could be eliminated or reduced by a pharmacologic reduction in blood pressure. Conversely, in similar at-risk patients without baseline ectopic activity, premature ventricular complexes could be induced in almost all by simply increasing blood pressure. However they did not establish the precise underlying mechano-electric coupling mechanism whereby this was effected. However, a similar triggering effect of acute fluctuations in arterial pressure could potentially underlie, or be a trigger for, a subset of SCDs in young fit individuals with no documented cardiac disease. One striking and unexplained pathological finding in autopsy studies in young patients with SCD has been the significant incidence of hypertrophic hearts (without significant ECG abnormalities) which do not meet the morphologic criteria necessary for the retrospective diagnosis of hypertrophic cardiomyopathy. 10 This could suggest that these individuals may have either an undiagnosed substrate or may have been young occult hypertensives with regular acute and important changes in blood pressure that may have created a vulnerable substrate as well as a trigger mechanism for a lethal arrhythmia. Clinical studies on the morphologic changes induced by mild/moderate hypertension in a predominantly Caucasian population have shown that this entity is characterized more by increasing localized upper septal (sub-aortic) thickening (>1.4 cm) rather than the concentric hypertrophy response which is more typical of severe longstanding hypertension. However, patients with either longstanding severe essential hypertension or dialysis patients may also present with dominant sub-aortic septal hypertrophy as a response to a chronic increase in afterload. 11, 12 It is most likely that the pattern of dominant sub-aortic septal hypertrophy in individuals with occult or documented mild/moderate hypertension is due to a number of factors which act in combination to change the morphology of the basal sub-aortic septum. 13 In this region, (i) wall stress is at its highest within the LV as the radius of endocardial curvature is greatest here and (ii) the effect of an increased arterial reflective wave in hypertension might proportionally create a higher load on the outlet of the LV, all contributing to the induced upper septal hypertrophy and associated post-systolic deformation. 12 Indeed, routine clinical echo studies are increasingly documenting a cohort of asymptomatic young adults who have an unexplained basal septal thickness of >1.4 cm who have neither hypertrophic cardiomyopathy nor documented hypertension at rest but who demonstrate an abnormally rapid elevation of systolic pressure on exercise. 13 To understand whether the above are mere associations or there exists a truly mechanistic and causative relationship, precise mechano-electrical coupling mechanism(s) by which acute pressure changes trigger (lethal) arrhythmias require investigation. It remains unclear, (on a beat-to-beat basis), which could be the most important pro-arrhythmic factors. How acute and sustained must a short-lived rise in pressure be to be pro-arrhythmic? Is it pressure rise or release which is more important? Is there a pressure rise/fall thresholding effect for trigger generation which varies between individuals? Furthermore, does acute central arterial pressure change produce local differences in wall stress and local stretch within the left ventricular myocardium which are pro-arrhythmic and are indeed, any induced acute changes in ventriculo-arterial interaction and associated (late-systolic) increases in afterload (mediated by the pressurealtered aortic reflective wave acting on the basal septal stretch activated ion channel) pro-arrhythmic?
What happens during acute pressure loading in an intact heart?
A novel porcine pressure loading model
To answer some of the above questions, the precise morphologic and electrophysiologic changes induced by acute short-term loading, have been studied in a porcine model. 14 The development of a novel, clinically relevant model was deemed necessary as prior experimental acute or chronic pressure loading models are not translatable to the clinical setting as (i) either open chest/open pericardium models were used in which pericardial constraint was absent and (ii) either aortic banding or drug-induced elevation of blood pressure were used to provoke a chronic increase in arterial pressure. The anaesthetized porcine model which was developed was both simple and close to clinical reality 14 but its advantages (and complexity) lay in the fact that high-fidelity pressure data, resolved real-time ultrasound data (2D echo and tissue-Doppler derived regional strain and strain rates) and surface 12 lead ECG as well as local intracardiac monophasic action potentials could all be simultaneously obtained, recorded, and analysed off-line. In this model, it is possible to produce a direct mechanical correlate of an induced acute clinical blood pressure challenge which might be encountered during daily life (e.g. during transient squatting) and simultaneously study pressure changes, temporal changes in left ventricular global and regional mechanics and alterations in electrophysiology.
Blood pressure induced acute changes in ventricular shape and function at the end of the procedure. Thus pericardial constraint is thus essential to the sequence of induced mechanical (and electrical) events about to be described. Interestingly, left atrial (LA) pressures as well as LV diastolic pressures also increased immediately on acute LV shape change ( Figure 1 ) as did right heart diastolic pressures. However, the induced diminution in RV volume was not associated with any increase in RV systolic pressure. Pressure-induced dilatation within the left ventricular cavity was consistently spatially non-uniform. The maximal increase in left ventricular dimension was mid-ventricular, while the apical and basal zones remained relatively unchanged in their transverse dimensions. These acute changes in morphology meant that regional wall stress immediately became markedly more heterogeneous within the ventricle, becoming highest in both the sub-aortic region and around the thin-walled apex while the mid-septum was protected from a large wall stress increase by its change in curvature. Concurrently, deformation assessed by ultrasound imaging showed that regional postsystolic thickening was acutely induced in both the apical and basal myocardial segments which had the highest wall stress increase, while absolutely no post-systolic thickening was induced in the bulging midseptum, where pressure-induced changes in wall stress were lowest, as well as in the free wall LV segments that did not change shape while constrained by the pericardium (Figure 2) . As was shown by previous work, 15 induced segmental post-systolic shortening within any ventricle is a passive local phenomenon which occurs at the moment that ventricular pressure drops around aortic valve closure and is caused by adjacent myocardial segment interaction. This is mediated by the local release of systolic stretch (with sudden LV pressure fall) in ventricles with either marked differences in regional segmental elasticity or regional differences in local endsystolic wall stress (such as are induced in the above porcine balloon model in which regional myocardial properties were uniformly normal and unaltered).
Acute loading induced changes in local LV mechanico-electrical interaction
Could the observed changes and dispersion in regional myocardial loading and deformation profiles during an acute loading challenge have a possible pro-arrhythmic effect? It has already been demonstrated in patients with cardiac disease, that the greater the extent and degree of regional mechanical dispersion within the LV, the greater the propensity to develop malignant arrhythmias. This has been shown to occur especially in patients with ischaemic heart disease 16 and more evidence to establish this link continues to be generated. 7, [17] [18] [19] In these series, the reported increase in mechanical dispersion, is mostly contributed to by the presence of disease-induced local abnormal increases in post-systolic deformation. This is very similar to the immediate changes which occur with acute pressure loading. Thus the local alterations in myocardial deformation, induced by a short-lived blood pressure challenge, might also act as a transient pro-arrhythmic substrate in normal myocardium if the sequence of events (documented in the porcine model) occurs in humans.
To elucidate the mechanisms whereby acute pressure loading might be pro-arrhythmic, Haemers et al.
14 also showed the acute blood pressure challenge to induce marked changes in the coupling of the left heart electrical and mechanical activity. The 30% systolic blood pressure increase consistently moved the timing of peak systolic pressure to post-T wave i.e. beyond electrical repolarisation. This had the consistent effect of opening a potential time-window of some 20-40 ms post-peak T wave until aortic valve closure where LV pressure decline, away from the normal physiological coupling with repolarization, could induce mechanico-electrical feedback.
To add further to the potential pro-arrhythmic properties of an acute blood pressure challenge, Haemers et al.
14 also noted that balloon inflation acutely altered the ascending aortic pressure wave and altered the Augmentation Index. The latter is a measure of the induced change in shape and timing of the aortic reflective wave and is a measure of the change in timing of loading of the LV which in turn, has been suggested to alter myocardial relaxation itself. 20 In addition to inducing widespread mechanical dispersion within the LV and inducing a post-T wave window for mechanico-electrical feedback (and inducing significant Q-T shortening), balloon inflations frequently were associated with ventricular premature beats (PVCs) which were induced in this post-T wave window where LV pressure declined. These were not catheter induced as the study was carried out without catheters within the heart. PVCs occurred in 22% of inflations with some inducing complex multi-beat PVCs (Figure 3) . Figure 2 Basal, mid wall, and apical digital M-modes acquired by post-processing real-time 2D as described in Figure 1 . These illustrate the differential response in segmental pressure induced post-systolic thickening (arrowed) during an acute after-load increase. As in Figure 1 , the vertical lines indicate the onset and release of the balloon inflation. EnSite mapping to determine the site of origin of the PVCs showed them to arise only in the basal septal or apical zones of the LV. These were precisely the myocardial segments in which each acute pressure increase/release had induced transient post-systolic thickening.
To determine if the induced premature complexes were in any way related to the local induction of post-systolic thickening with left ventricular pressure fall, the investigators then introduced a contact mapping catheter into the LV. This catheter had the additional advantage of a very specific appearance of its mapping tip on echocardiography and could be guided in real-time to selected sampling positions within the ventricle. Real-time local monophasic action potentials were recorded along with ultrasound deformation (strain/ strain rate curves) data from the same myocardial segment from a series of apical, mid-ventricular, and basal septal positions within the LV. These studies demonstrated that in each inflation, as aortic pressure increased beat by beat, a delayed action potential-like transient repolarization (DAD) was consistently induced (commencing at aortic valve closure on the aligned data sets). This DAD typically increased in magnitude beat by beat as pressure rose and fell incrementally beat-by-beat as pressure fell and disappeared at baseline arterial pressure. Subsequent analysis showed that DADs were only induced in those segments with acute pressure-induced post-systolic thickening. They were never induced in the stretched, thinned midwall segments in which post-systolic thickening never occurred.
The precise link between PST and DAD induction is as of yet not entirely clear, but is likely to be related to electro-mechanical coupling within myocardial tissues, mediated by stretch/differential deformation-induced ion channels in the myocytes as well as by direct changes in the capacitance of cells when passively deformed. 7 Similar findings have been suggested to occur during the isovolumic contraction period in the presence of LBBB where regional changes and dispersion in local deformation due to differential timing of activation 21 and where local stretch significantly alters the conduction velocity of the activation wave-front up to a point of even temporally halting it. This suggests the passive deformation at the time-point of important electrical events will directly influence these electrical events by changing the properties of myocardium.
No acute loading sustained runs of ventricular tachycardia were observed and only a few short sequences of complex PVCs were induced, but Haemers noted that there might be a possible thresholding effect with the greater the magnitude of induced post-systolic thickening, the greater the magnitude of DAD and the higher the propensity to spill over into a ventricular premature beat. Interestingly, they found no progression from ventricular premature beats to the establishment of an induced lethal ventricular arrhythmia in any of the animals and thus suggested that this entirely reproducible phenomenon of PVC induction associated with the acute short-lived pressure increase/falls was unlikely to be an isolated sole mechanism which could induce lethal arrhythmias in normal myocardium. However, they hypothesized that acute loading induced PVCs could act as a 'trigger mechanism' by interacting with a second pro-arrhythmic pathologic substrate (clinical or occult) in cases with lethal arrhythmias Figure 3 The changes in various haemodynamic parameters during acute pressure challenges with and without premature ventricular complexes.
Note the further increase in BP in the beat following the PVC due to post-extra systole potentiation. A 7 French Steerable monophasic action potential cath (Biotronik) was used to obtain the septal monophasic action potential data. However, these animal studies are far from the first to suggest the mechanisms by which an acute blood pressure challenge might induce a pro-arrhythmic trigger. Greve et al. 22 showed very similar findings in experimental right heart studies in lambs in which a controlled right ventricular acute afterload challenge was produced by inflating a balloon within a pulmonary artery. This challenge was shown to induce local DADs within the right ventricular outflow tract (not surprisingly the area with the expected largest increase in wall-stress due to its geometry) which would, on occasion, spill over into complex selfterminating ventricular complexes in exactly the same way as Haemers et al.
14 noted for the LV. Greve et al. 22 did not, however, use concomitant real-time imaging and thus could not link their findings to differential changes in deformation in the right ventricle. As a result of their studies, they proposed that an acute increase in right ventricular afterload could be, in certain circumstances, be pro-arrhythmic and be implicated in sudden death in both hearts with normal and abnormal myocardium. Pressure-induced LV DADs had already been well described in a series of experimental studies in the past. 22, 23 They were first recorded in the 1980s but their significance and origin had not previously been ascertained. Indeed, they have remained the subject of much debate in the literature. [24] [25] [26] [27] The Haemers et al. 14 study has finally determined their aetiology and has suggested their clinical relevance as a potential trigger for a lethal arrhythmia in abnormal hearts, but suggested that this will only happen if there is a second proarrhythmic substrate present within such a heart.
A role for acute afterload increase in the clinical onset of ventricular arrhythmias
The animal models studies would suggest the sequence of a new proarrhythmic link of substrates and (common) triggers as set out in Figure 4 . It attempts to explain the possible pro-arrhythmic effects of an acute change in arterial pressure and how this is mediated through pericardial constraint acting on the heart. This constraint is fundamental to the causation of the sequence of differential left ventricular dilatation/regional deformation changes during an acute afterload challenge. The marked induced differences in regional myocardial deformation (induced PST) and the consequent increase in intraventricular mechanical dispersion which occurs on pressure fall at aortic valve closure are potentially all pro-arrhythmic. Induced segmental PST is the substrate which gives rises to the local DAD expression. This in turn can spill over into pressure-related single or complex PVCs. Yet however an attractive the above theory may be (and it is very strongly supported by the new experimental data), it is unclear to what extent the findings in a quadruped (prone to acute hypertensive episodes and thus possibly providing a too sensitive substrate) are replicated in biped humans. Yet, early clinical findings in normal humans have shown that an acute loading challenge, produced by simple repeated squatting, does produce similar acute mid-left ventricular dilation with the induction of regional post-systolic shortening in apical and basal LV segments but in no individual studied were complex ventricular complexes induced by a short-live squatting episode. However, the above animal and early normal human squatting studies should stimulate more clinical investigations into the normal sequence of mechanic-electrical changes induced by an acute transient increase in blood pressure and their possible pro-arrhythmic consequences, especially in patient groups know to have sensitive substrates.
Equally important should be an extension of this experimental work into hearts with both regional and global pathological substrates to validate the novel theory that they have proposed (Figure 4) . A study of ischaemia is an obvious add-on, as such acutely ischaemic animal hearts will have at rest segments with ischaemiarelated PST. How will such segments react to loading and will they develop DADS? This data is not known. Also, many animal models of genetic cardiomyopathies are available in which an acute loading could be studied.
However, while it is clear that acute mechanical stimulation of the ventricles can result in VT, (both by providing the necessary trigger and by contributing to arrhythmia-sustaining mechanisms) in pathophysiological settings, other arrhythmogenic factors, such as a co-existing electrophysiological substrate, (such as Long or Short QT syndrome), changes in autonomic tone, or varying Baroreceptor response or tissue composition will interact with mechanical stimulation. The extent to which this occurs is likely to be disease specific.
The algorithm could, for example, also be extended to explain the difference in pro-arrhythmogenicity between obstructive and nonobstructive hypertrophic cardiomyopathy. In obstructive hypertrophic cardiomyopathy, an induced gradient can occur within the left ventricular outflow tract in late systole. This would lead to very high-LV pressures below the obstruction site and much lower intracavity pressures above. The septal segment above the obstruction is typically non-deforming compared with the segment below the obstruction which is equally thickened but can deform. 28 Pressure release will lead to acutely induced post systolic thickening occurring in the more apical septum with DAD development. This may spill over into complex ventricular beats. This would act as a 'trigger' to a sustained lethal arrhythmia in the face of the complex pro-arrhythmic HCM substrate. In contrast, apical non-obstructive cardiomyopathy would not lead to a pressure difference within the LV and thus no latesystolic pressure induced post-systolic thickening in the myocardial zone between the apical non-deforming myocardium and the normal mid-septal/basal myocardium. No induced post-systolic thickeningtherefore no induced DADs even in the presence of a potential proarrhythmic substrate.
Conclusions
SCD is a complex phenomenon, occurring in either apparently normal individuals or in patients with complex underlying cardiac abnormalities. In both groups, it has been linked to exercise-induced lethal arrhythmias which occur during episodes when blood pressure is at its most labile. In the past, research into SCD has focused mainly on the combination of identifying vulnerable tissue substrates in patients, pharmacological approaches to altering electrical activation/repolarisation in identified substrates, and the suppression of lethal arrhythmias by the use of implantable defibrillators. However, more recent . . . . . . . . . . . . . . .
work has suggested that the interaction of both a trigger and a substrate may be important in provoking the majority of sustained arrhythmias. One of the most important of such triggers in daily life would appear to be acute exercise or stress-induced physiologic changes in blood pressure. In normal individuals, this is tolerated well by mechanisms to reduce mechanical stresses, and thus to avoid tissue damage, while its electrical effects are dampened. However, in altered myocardium, being it by genetic modifications; fibrosis or scar; geometrical alterations induced by long-standing hypertension or even excessive exercise; the dampening of the mechano-electrical 
